Abstract: 5,6-Dimethylxanthenone 4-acetic acid (DMXAA), also known as ASA404 and vadimezan, is a potent tumor blood vessel-disrupting agent and cytokine inducer used alone or in combination with other cytotoxic agents for the treatment of non-small cell lung cancer (NSCLC) and other cancers. However, the latest Phase III clinical trial has shown frustrating outcomes in the treatment of NSCLC, since the therapeutic targets and underlying mechanism for the anticancer effect of DMXAA are not yet fully understood. This study aimed to examine the proteomic response to DMXAA and unveil the global molecular targets and possible mechanisms for the anticancer effect of DMXAA in NSCLC A549 cells using a stable-isotope labeling by amino acids in cell culture (SILAC) approach. The proteomic data showed that treatment with DMXAA modulated the expression of 588 protein molecules in A549 cells, with 281 protein molecules being up regulated and 306 protein molecules being downregulated. Ingenuity pathway analysis (IPA) identified 256 signaling pathways and 184 cellular functional proteins that were regulated by DMXAA in A549 cells. These targeted molecules and signaling pathways were mostly involved in cell proliferation and survival, redox homeostasis, sugar, amino acid and nucleic acid metabolism, cell migration, and invasion and programed cell death. Subsequently, the effects of DMXAA on cell cycle distribution, apoptosis, autophagy, and reactive oxygen species (ROS) generation were experimentally verified. Flow cytometric analysis showed that DMXAA significantly induced G 1 phase arrest in A549 cells. Western blotting assays demonstrated that DMXAA induced apoptosis via a mitochondria-dependent pathway and promoted autophagy, as indicated by the increased level of cytosolic cytochrome c, activation of caspase 3, and enhanced expression of beclin 1 and microtubule-associated protein 1A/1B-light chain 3 (LC3-II) in A549 cells. Moreover, DMXAA significantly promoted intracellular ROS generation in A549 cells. Collectively, this SILAC study quantitatively evaluates the proteomic response to treatment with DMXAA that helps to globally identify the potential molecular targets and elucidate the underlying mechanism of DMXAA in the treatment of NSCLC.
Introduction
Lung cancer is the most common cancer and the leading cause of cancer-related death in humans worldwide. 1, 2 There were about 1.8 million new cases diagnosed with lung cancer in 2012, accounting for 12.9% of the total cases of cancer. 1, 2 Small-cell lung cancer and non-small cell lung cancer (NSCLC) are the two major types of lung cancer. NSCLC is the most common type, accounting for 70%-85% of all cases of lung cancer. In the USA, there were 207,339 new cases of lung cancer and 156,953 deaths resulting Figure 1 ), also known as vadimezan and ASA404, is a vascular-disrupting agent that reduces the blood supply to tumoral tissue, resulting in tumor regression. 8, 9 However, the molecular targets and exact mechanisms of action of DMXAA are elusive so far. DMXAA shows inhibitory effects against several protein kinases, with the most potent effects being on the vascular endothelial growth factor receptor tyrosine kinase family. 10, 11 DMXAA is a potent inducer of tumor necrosis factor-α and activates host immune effectors that assist in killing cancer cells. 10 DMXAA induces rapid vascular collapse and subsequent tumor hemorrhagic necrosis via induction of apoptosis in tumor vascular endothelial cells and indirect vascular effects induced by various cytokines, in particular, tumor necrosis factor-α, serotonin, and nitric oxide. 10 The pharmacokinetics of DMXAA has also be investigated. In cancer patients, DMXAA concentration-time profiles are well described by a three-compartment model with saturable elimination. 12 Body surface area and sex are significant covariates on the volume of distribution of the central compartment and the maximum elimination rate, respectively. 12 DMXAA is extensively metabolized in human liver microsomes and cancer patients. There are two major metabolites of DMXAA, ie, DMXAA acyl glucuronide and 6-hydroxymethyl-5-methylxanthenone-4-acetic acid (6-OH-MXAA). Cytochrome P450 1A2 is responsible for the conversion of DMXAA to 6-OH-MXAA, with an apparent K m of 6.2 µM and a V max of 0.014 nmol/minute/mg. 13 DMXAA is also extensively metabolized by uridine 5'-diphosphoglucuronosyltransferase 1A2 (UGT1A2) and UGT2B7, with a greater contribution from UGT2B7.
14 DMXAA has been tested mainly in the treatment of NSCLC, and also in prostate cancer and human epidermal growth factor receptor 2-negative breast cancer. [15] [16] [17] [18] [19] [20] In these clinical studies, DMXAA is used alone and more often in combination with other cytotoxic drugs. A Phase II clinical trial showed that DMXAA in combination with carboplatin and paclitaxel had a potent anticancer effect in NSCLC patients. 15 This triple combination therapy prolonged the survival of about 5 months when compared with the monotherapy. 15 However, the Phase III clinical trial conducted by Lara et al showed that the triple chemotherapy of DMXAA with carboplatin and paclitaxel failed to improve the efficacy of the monotherapy. 16 This may be due to the complexity of the mechanisms of action of DMXAA. DMXAA has been shown to target the stimulator of interferon gene (STING) pathway and this effect is only observed in mice but not in humans. [21] [22] [23] However, this cannot provide a convincing explanation for the failure of DMXAA in the Phase III trial in NSCLC patients. Therefore, it is of great importance to globally understand and uncover the molecular targets and related signaling pathways involved in the anticancer effect of DMXAA and DMXAA-based combination therapies.
So far, there are many studies on the mechanisms of action of DMXAA in the treatment of NSCLC, showing that DMXAA can activate STING-dependent innate immune pathways and mitogen-activated protein kinases and inhibit vascular endothelial growth factor receptor. 11, [21] [22] [23] However, there is a lack of evidence to depict the global molecular targets and related signaling pathways for the NSCLC cell killing effects of DMXAA, such as cell proliferation, programmed 
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Proteomic response to DMXaa in a549 cells cell death, and cell migration and invasion. Notably, targeting cell cycle progression, apoptosis, autophagy, and epithelial to mesenchymal transition (EMT) has been proposed for treatment of NSCLC. 24 Therefore, an approach that can evaluate cellular proteomic responses to the DMXAA is important for the optimal treatment of NSCLC. Stable-isotope labeling by amino acids in cell culture (SILAC) is a practical and powerful approach to uncovering the global proteomic response to drug treatment and other interventions. 25 In particular, it can be used to systemically and quantitatively assess the target network of drugs, to evaluate drug toxicity, and to identify new biomarkers for the diagnosis and treatment of important diseases, including NSCLC. [25] [26] [27] In this regard, we investigated the molecular targets of DMXAA in A549 cells using a combination of proteomic and functional approaches, with a focus on cell cycle distribution, apoptosis, autophagy, and redox homeostasis.
Materials and methods chemicals and reagents
DMXAA (purity 98%), 
cell line and cell culture
The A549 NSCLC cell line was obtained from American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 medium supplemented with 10% heat-inactivated FBS. The cells were maintained at 37°C in a 5% CO 2 /95% air humidified incubator. DMXAA was dissolved in dimethyl sulfoxide at a stock concentration of 20 mM and stored at -20°C. It was freshly diluted to predetermined concentrations with culture medium. The final concentration of dimethyl sulfoxide was 0.05% (v/v). The control cells received the vehicle only.
Quantitative proteomic study using silac
Quantitative proteomic experiments were performed using a SILAC-based approach as described previously. 25, 26, 28 Briefly, A549 cells were cultured in RPMI-1640 medium (for SILAC) with (heavy) or without (light) stable isotopelabeled amino acids ( 13 C 6 L-lysine and 13 
C 6
15 N 4 L-arginine) and 10% dialyzed FBS. A549 cells cultured in heavy medium were treated with 10 µM DMXAA for 24 hours after six cell doubling times. After treatment with DMXAA, A549 cell samples were harvested and lysed with hot lysis buffer (100 mM Tris base, 4% sodium dodecyl sulfate [SDS] , and 100 mM dithiothreitol). The cell lysate was denatured at 95°C for 5 minutes and then sonicated for 3 seconds with six pulses. The samples were then centrifuged at 15,000× g for 20 minutes at room temperature and the supernatant was collected. The protein concentration was determined using ionic detergent compatibility reagent. Subsequently, equal amounts of heavy and light protein samples were combined to reach a total volume of 30-60 µL containing 300-600 µg protein. The combined protein sample was digested using an filter-aided sample prep (FASP™) protein digestion kit. After digestion, the resulting sample was acidified to a pH of 3 and desalted using a C 18 solid-phase extraction column. The samples were then concentrated using a vacuum concentrator at 45°C for 120 minutes, and the peptide mixtures (5 µL) were subjected to the hybrid linear ion trap (LTQ Orbitrap XL™, Thermo Fisher Scientific Inc.). Liquid chromatography-tandem mass spectrometry was performed using a 10 cm long, 75 µm (inner diameter) reversed-phase column packed with 5 µm diameter C 18 material having a pore size of 300 Å (New Objective Inc., Woburn, MA, USA) with a gradient mobile phase of 2%-40% acetonitrile in 0.1% formic acid at 200 µL per minute for 125 minutes. The Orbitrap full mass spectrometry scanning was performed at a mass (m/z) resolving power of 60,000, with positive polarity in profile mode (M + H + ). The peptide SILAC ratio was calculated using MaxQuant version 1.2.0.13. The SILAC ratio was determined by averaging all peptide SILAC ratios from peptides identified of the same 
Cell cycle analysis using flow cytometry
The effect of treatment with DMXAA on the cell cycle was determined by flow cytometry as described previously. 29 Briefly, A549 cells were treated with DMXAA at concentrations of 0.1, 1, and 10 µM for 24 hours. In separate experiments, A549 cells were treated with 10 µM DMXAA over a 72-hour period. The cells were suspended, fixed in 70% ethanol, washed in PBS, and resuspended in 1 mL of PBS containing 1 mg/mL RNase A and 50 µg/mL propidium iodide. The cells were incubated in the dark for 30 minutes at room temperature. Next, the cells were subject to cell cycle analysis using a flow cytometer (BD LSR II Analyzer; Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). The flow cytometer collected 10,000 events for analysis.
Measurement of intracellular reactive oxygen species (rOs) levels
Intracellular levels of ROS were measured by a fluorometer using CM-H 2 DCFDA according to the manufacturer's instructions. Cell-permeant CM-H 2 DCFDA passively diffuses into cells and is retained in the cells after cleavage by intracellular esterases. Upon oxidation by ROS, the nonfluorescent CM-H 2 DCFDA is converted to highly fluorescent CM-DCF. Briefly, A549 cells were seeded into a 96-well plate at a density of 1×10 4 cells/well. After treatment with DMXAA at 0.1, 1, and 10 µM for 48 hours, the cells were incubated with CM-H 2 DCFDA at 5 µM in PBS for 30 minutes. The fluorescence intensity was detected at wavelengths of 485 nm (excitation) and 530 nm (emission). The control cells were treated with vehicle only (0.05% dimethyl sulfoxide, v/v).
Western blotting analysis
A549 cells were washed with pre-cold PBS after 24-hour treatment with DMXAA at 0.1, 1, and 10 µM, lysed with radioimmunoprecipitation (RIPA) buffer containing the protease inhibitor and phosphatase inhibitor cocktails, and centrifuged at 3,000× g for 10 minutes at 4°C. Protein concentrations were measured using a Pierce bicinchoninic acid protein assay kit. An equal amount of protein sample (30 µg) was resolved by SDS polyacrylamide gel electrophoresis (PAGE) sample loading buffer and electrophoresed on 12% SDS-PAGE minigel after thermal denaturation at 95°C for 5 minutes. The proteins were transferred onto an Immobilon polyvinylidene difluoride membrane at 400 mA for 1 hour at 4°C. Membranes were blocked with skim milk and probed with the indicated primary antibody overnight at 4°C and then blotted with appropriate horseradish peroxidase-conjugated secondary anti-mouse or anti-rabbit antibody. Visualization was performed using a ChemiDoc™ XRS system (Bio-Rad, Hercules, CA, USA) with enhanced chemiluminescence substrate, and the blots were analyzed using Image Lab 3.0 (Bio-Rad). The protein level was normalized to the matching densitometric value of the internal control β-actin.
statistical analysis
The data are presented as the mean ± standard deviation (SD). Comparisons of multiple groups were evaluated by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison procedure. Values of P0.05 were considered to be statistically significant. Assays were performed at least three times independently.
Results

Overview of proteomic response to DMXaa treatment in a549 cells
To reveal the potential molecular targets of DMXAA in the treatment of NSCLC, we conducted proteomic experiments to evaluate the interactome of DMXAA in A549 cells. There were 588 protein molecules identified as potential molecular targets of DMXAA in A549 cells, with 281 protein molecules being upregulated and 306 protein molecules being downregulated (Table 1) . Subsequently, these proteins were subjected to IPA. The results showed that 256 signaling pathways and 184 cellular functional proteins were regulated by DMXAA in A549 cells (Tables 2 and 3 ). These functional proteins were involved in a number of important cellular processes, including cell proliferation, redox homeostasis, cell metabolism, cell migration and invasion, cell survival, and cell death. The signaling pathways included the G 1 and G 2 checkpoint regulation pathways, the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)signaling pathway, the 5′-AMPactivated protein kinase (AMPK) signaling pathway, the nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated oxidative stress response pathway, the epithelial adherens junction signaling pathway, regulation of the epithelialmesenchymal transition signaling pathway, the nuclear factor-κB signaling pathway, and the apoptosis signaling pathway. The IPA results showed that the top ten targeted signaling pathways were the eukaryotic initiation factor Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Pan et al Table 2 signaling pathways for target proteins regulated by DMXaa (5,6-dimethylxanthenone 4-acetic acid) in a549 cells
Ingenuity canonical pathways -LogP
Molecules eiF2 signaling 2.11e01 eiF3c, aKT2, rPs3a, rPs27, rPs2, rPl17, rPs8, rPl23, eiF3e, rPl9, rPl7, rPl15, rPl14, rPl8, eiF3F, rPl7a, rPl28, rPs26, rPl5, rPl10, PPP1ca, rPl31, rPl18, rPl13, rPsa mTOr signaling 7.52e00 aKT2, eiF3c, rPs3a, rPs27, rPs2, rPs8, eiF3e, eiF3F, PPP2r1a, rPs26, rhOa, rPsa, eiF4B
regulation of eiF4 and p70s6K signaling 6.82e00 aKT2, eiF3F, PPP2r1a, eiF3c, rPs3a, rPs26, rPs27, rPs2, rPs8, eiF3e, rPsa epithelial adherens junction signaling (eIF) 2 signaling pathway, mTOR signaling pathway, eIF4 and p70S6K signaling pathway, epithelial adherens junction signaling pathway, remodeling of epithelial adherens junctions pathway, Nrf2-mediated oxidative stress response signaling pathway, RhoA signaling pathway, integrin signaling pathway, Rho-mediated regulation of actin-based motility signaling pathway, and Fcγ receptor-mediated phagocytosis signaling pathway (Table 2) .
DMXaa modulates networked signaling pathways in a549 cells
As seen in Figures 2 and 3 , DMXAA showed an ability to regulate a number of networked signaling pathways that have critical roles in the regulation of cellular processes. IPA classified the top ten networks of signaling pathways responding to DMXAA in A549 cells (Table 4) . These signaling networks have important roles in pathophysiological functions and the development of many important diseases. They included gene expression, DNA replication, recombination and repair, protein synthesis, small molecule biochemistry, carbohydrate metabolism, lipid metabolism, energy production, cellular response to therapeutics, connective tissue development and function, cellular assembly and organization, cellular compromise, cell morphology, free radical scavenging, cell death and survival, neurological disease, skeletal and muscular disorders, cardiac damage, cardiac fibrosis, development and function of cardiovascular system, and development of cancer.
DMXaa modulates important regulators involved in cell cycle distribution in a549 cells
It has been reported that regulation of cell cycle distribution is an effective approach in the treatment of lung cancer, 24 and that vascular-disrupting agents exhibit modulating effects on cell cycle distribution. However, it has not been fully uncovered the molecular targets and underlying mechanisms of DMXAA. Therefore, in order to explore the effect and potential molecular targets of DMXAA on cell cycle distribution in A549 cells, we treated A549 cells with 10 µM DMXAA for 24 hours and then subjected samples of the cells to quantitative proteomic analysis. The proteomic results showed that DMXAA had an effect on the regulation of cyclins and the cell cycle distribution at G 1 /S and G 2 /M DNA damage checkpoints in A549 cells with the involvement of a number of functional proteins, such as PPP2R1A, RPL5, and SKP1 (Table 2 ). These findings suggest that DMXAA may modulate cell cycle distribution, contributing to its anticancer effect.
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Proteomic response to DMXaa in a549 cells The network of signaling pathways was analyzed by ingenuity pathway analysis according to the 588 protein molecules regulated by DMXaa in a549 cells. Abbreviation: DMXaa, 5,6-dimethylxanthenone 4-acetic acid; mTOr, mammalian target of rapamycin; ilK, integrin-linked kinase; nrf2, nuclear factor erythroid 2-related factor 2; eiF, eukaryotic initiation factor; s6K, p70s6 kinase.
DMXaa regulates apoptosis and autophagy in a549 cells
Apoptosis and autophagy are two predominant programmed cell death pathways. 30 Manipulating apoptosis and autophagy has been considered to be a promising strategy in the treatment of cancer via the regulation of mitochondriadependent/-independent pathways. [31] [32] [33] [34] [35] As shown in Table 2 , DMXAA regulated the apoptotic signaling pathway, mitochondrial function, and death receptor signaling pathway, involving a number of functional proteins. These included ACIN1, CYCS, ACTB, AKT2, GSR, PRDX3, SOD2, and VDAC2 (Table 2) . Further, the mTOR signaling pathway plays a pivotal role in the regulation of autophagy, and has been proposed to be a promising target in the treatment of NSCLC. 36 Vascular disruption combined with mTOR inhibition showed an enhanced anticancer effect when compared with monotherapy. 37 As shown in Table 2 and Figure 4 , DMXAA showed an ability to modulate the mTOR signaling pathway in A549 cells. The results showed that DMXAA decreased the expression of EIF3C, EIF4B, RHOA, and RPS3A, but increased the expression of AKT2, EIF3E, EIF3F, PPP2R1A, RPS2, RPS8, RPS26, RPS27, and RPSA in A549 cells ( Table 2 ), suggesting that modulation of mTOR signaling may play an important role in the cancer cell killing effect of DMXAA in A549 cells. Taken together, the results suggest that the regulatory effects of DMXAA on apoptosis, mitochondrial function, and mTOR signaling pathway contribute, at least in part, to the anticancer effect of this drug in the treatment of NSCLC.
DMXaa regulates redox homeostasis involving rOs-mediated and nrf2-mediated signaling pathways in a549 cells
Induction of ROS plays a critical role in the production of cytokines, contributing to the cancer cell killing effect of DMXAA. 38 However, the regulatory effect of DMXAA on ROS generation-related molecules and signaling pathways is not fully understood. In this study, we observed that DMXAA regulated several critical signaling pathways related to ROS generation and redox homeostasis in A549 cells. Table 4 networks of potential molecular targets regulated by DMXaa (5,6-dimethylxanthenone 4-acetic acid) in a549 cells
ID Molecules in network
Score
Focus molecules Top diseases and functions 1 asPh, aTic, BZW1, chOrDc1, clPTM1, cMPK1, crYZ, cYB5B, DYnc1li2, elOVl1, ganaB, h2aFV, Me1, Ola1, Paics, PDia6, PgD, PrKcsh, PTgr1, rer1, sae1, sFXn1, slc25a3, slc25a11, slc6a6, ssBP1, sTOM, sUclg2, sUrF4, sYcP1, TMeD2, TPD52l2, Tsen34, TXnDc5, UBc 77 35 carbohydrate metabolism, small molecule biochemistry, lipid metabolism 2 60s ribosomal subunit, acin1, akt, cD63, DDX3X, eiF3, eiF3c, eiF3e, eiF3F, eiF4B, histone h1, hnrnPF, β-importin, iPO5, MTOrc2, neDD8, rar, rPl5, rPl7, rPl9, rPl10, rPl13, rPl14, rPl15, rPl17, rPl18, rPl23, rPl28, rPl31, rPl7a, slc3a2, thymidine kinase, TnPO1, TPM3, TraP1 52 27 gene expression, protein synthesis, cancer 3 aPeX1, arF4, arPc3, collagen type i, cytochrome c, erK, eTFa, hDgF, hisTOne, hMgB1, hMgn1, hnrnPD, hsp27, mitochondrial complex 1, naca, naP1l1, PhB, Pls3, PP2a, PPP2r1a, PrDX3, PrMT1, PTMa, ribosomal 40s subunit, rnr, rPs2, rPs8, rPs26, rPs27, rPs3a, rPsa, sTOMl2, TcF, VDac2, XPO1 alDOc, aTP6V1a, aTP6V1e2, Bin3, BTF3l4, cOrO1c, DDB1, DnaJB3, DnaJc16, DnaJc22, DnaJc28, erh, grPel2, gTF2h2c_2, hnrnPaB, hnrnPh1, hsPa9, MaTr3, OTUB1, Page1, PcDhac2, POlr2h, POlr2J2/POlr2J3, PPiF, rDM1, rPn1, serPinh1, sPag7, ssr4, sTOn1-gTF2a1l, TarBP1, TBP, TMeM106B, tubulin (complex), UBc Abbreviations: DMXaa, 5,6-dimethylxanthenone 4-acetic acid; mTOr, mammalian target of rapamycin; eiF, eukaryotic initiation factor; aKT, protein kinase B; PKc, protein kinase c; Tsc, tuberous sclerosis complex; VegF, vascular endothelial growth factor; hiF, hypoxia-inducible factor; Dag, diacylglycerol; aTg, autophagy-associated protein; PMa, phorbol myristate acetate; PiP2, phosphatidylinositol 4,5-bisphosphate; irs1, insulin receptor substrate-1; rTK, receptor tyrosine kinase; lKB1, liver kinase B1; reDD1, protein regulated in development and Dna damage response 1; Pi3K, phosphatidylinositide 3-kinase; 4eBP, eukaryotic translation initiation factor 4e binding protein 1; insr, insulin receptor; aMPK, aMP-activated protein kinase.
Our quantitative proteomic study showed that treatment with DMXAA regulated oxidative phosphorylation, Nrf2-mediated oxidative stress response, and superoxide radical degradation in A549 cells (Table 2 and Figure 5 ). A number of functional proteins were found to be involved in these pathways, including ACTB, CCT7, GSR, GSTO1, NQO1, PTPLAD1, SOD2, STIP1, TXN, and TXNRD1 (Table 2) . Of note, Nrf2-mediated signaling pathways have a critical role in the maintenance of intracellular redox homeostasis in response to various stimuli via regulating antioxidant responsive elements. 39, 40 The quantitative proteomic data suggest that modulation of the expression of functional proteins involved in Nrf2-mediated signaling pathways may contribute to the anticancer effect of DMXAA in the treatment of NSCLC.
Taken together, our quantitative proteomic study revealed a number of important functional proteins and associated signaling pathways that are regulated in A549 cells in response to treatment with DMXAA. These cellular signaling pathways play a pivotal role in the regulation of the cell cycle, apoptosis, autophagy, and oxidative stress. In our subsequent validation experiments, we confirmed the effect of DMXAA on cell cycle distribution, apoptosis, autophagy, and ROS generation in A549 cells.
Verification of molecular targets of DMXaa in a549 cells
The quantitative proteomic studies described above showed that DMXAA can modulate a number of functional protein molecules and related signaling pathways involved in cell proliferation, invasion and migration, death, and survival. In order to verify the quantitative proteomic data further, we investigated how DMXAA affected cell cycle distribution, apoptosis, autophagy, and redox homeostasis in A549 cells.
DMXaa induces g 1 arrest in a549 cells
To validate the effect of DMXAA on cell growth, the cell cycle distribution was determined in A549 cells using flow cytometric analysis. As shown in Figure 6 , a concentration-dependent increase in the cell number in G 1 phase was observed after incubation of A549 cells with DMXAA at 0.1, 1, and 10 µM for 24 hours, with a 1.1-fold, 1.1-fold, and 1.4-fold increase in the number of cells arrested in G 1 phase, respectively, compared with control cells treated with vehicle only (P0.001 by oneway ANOVA, Figure 6A and B). In contrast, there was a marked decrease in the number of cells in S and G 2 /M phases in A549 cells treated with DMXAA at 0.1, 1, and 10 µM for 24 hours (P0.01 or P0.001 by one-way ANOVA, Figure 6A and B). Taken together, the results show that DMXAA can regulate the cell cycle distribution, contributing to its anticancer effect in A549 cells. Moreover, the inducing effect of DMXAA on cell cycle arrest further verifies the regulatory action of DMXAA on G 1 and G 2 checkpoints as determined by our proteomic study.
DMXaa induces apoptosis and autophagy in a549 cells
As stated in our proteomic results, treatment with DMXAA induced apoptotic and autophagic responses in A549 cells involving several important signaling pathways. In the mitochondria/cytochrome c-mediated apoptotic pathway, release of cytochrome c from the mitochondria to the cytosol and resultant activation of the caspase cascade are key steps in the apoptosis process. 41, 42 Beclin 1 and LC3-I/II are two important markers in the initiation and progression of autophagy and are critical for formation of autophagosomes. 43, 44 During the autophagy process, LC3/Atg8 is cleaved at its C-terminus by Atg4 to generate cytosolic LC3-I. 45 LC3-I is subsequently conjugated to phosphatidylethanolamine, then proteolytically cleaved and lipidated by Atg3 and Atg7 to form LC3-II, which attaches to the membrane of the autophagosome.
To verify the proteomic response to DMXAA with regard to cell death, we performed Western blotting assays to Figure 7A and B). Cleaved caspase 3 was increased by DMXAA in A549 cells in a concentration-dependent manner. Incubation of A549 cells with DMXAA at 0.1, 1, and 10 µM significantly increased the level of cleaved caspase 3 by 1.3-, 1.4-, and 2.0-fold, respectively, compared with control cells (P0.05 by one-way ANOVA, Figure 7A and B). These results indicate that DMXAA induces a marked increase in the cytosolic level of cytochrome c and activation of caspase 3, eventually leading to apoptotic death in A549 cells.
We further examined the effect of DMXAA on beclin 1 and LC3-I/II expression levels. Treatment of A549 cells with DMXAA for 24 hours significantly increased the expression of beclin 1. There was a 1.5-, 2.1-, and 1.9-fold increase in beclin 1 in A549 cells treated with DMXAA 0.1, 1, and 10 µM, respectively, for 24 hours (P0.05 by one-way ANOVA, Figure 7A and B). Upon activation of LC3-I/II, our Western blotting analysis revealed two clear bands of LC3-I and II in A549 cells after 24 hour treatment with DMXAA ( Figure 7A ). Incubation of DMXAA at 0.1, 1, and 10 µM markedly increased the expression of LC3-I and LC3-II (Figure 7A and B) . In comparison with the control cells, there was a 1.6-, 1.9-, and 1.6-fold increase in the level of LC3-I, and a 2. 
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Proteomic response to DMXaa in a549 cells for 24 hours. In addition, the ratio of LC3-II to LC3-I was markedly increased by 1.3-, 1.8-, and 1.8-fold in A549 cells treated with DMXAA 0.1, 1, and 5 µM, respectively (P0.05 or P0.01 by one-way ANOVA, Figure 7A and B). Taken together, the proteomic and Western blotting results show that DMXAA induces apoptosis and autophagy in A549 cells, contributing to the anticancer effects of DMXAA in the treatment of NSCLC.
DMXaa induces generation of intracellular rOs in a549 cells
As shown in the proteomic results, treatment with DMXAA can regulate intracellular redox homeostasis in A549 cells, which may contribute to the apoptosis-inducing and autophagy-inducing effects of DMXAA. Thus, we determined the effect of DMXAA on intracellular ROS levels in A549 cells. The intracellular levels of ROS were increased 1.1-, 1.1-, and 1.3-fold in a concentration-dependent manner when A549 cells were treated with DMXAA 0.1, 1, and 10 µM for 48 hours (P0.001 by one-way ANOVA, Figure  8 ). The ROS-inducing effect of DMXAA further confirms its regulatory effect on intracellular redox homeostasis in A549 cells.
Discussion
NSCLC remains a devastating cancer, with the highest incidence and mortality rate, and treatment of the disease remains a major challenge due to the poor efficacy and severe side effects of both standard and new chemotherapeutic agents. There is an increasing interest in new agents and therapies for the treatment of lung cancer. DMXAA, a flavonoid tumor vascular-disrupting agent, has been found to have anticancer activity in vitro and in vivo in the treatment of NSCLC when used alone or in combination. It targets the established tumor blood vessels and inhibits tumor blood flow, resulting in necrosis of solid tumors. It has also been reported that DMXAA can regulate multiple signaling pathways involved in cell cycle progression, apoptosis, autophagy, and ROS generation. 11, [46] [47] [48] [49] [50] [51] However, the global potential molecular targets and the possible mechanisms involved are not fully identified as yet. In the present study, we showed a comprehensive network of signaling pathways responding to treatment with DMXAA in A549 cells using a quantitative SILAC-based proteomic approach. The network of signaling pathways was mainly involved in cell cycle distribution, cell invasion and migration, redox homeostasis, and cell death. We verified that DMXAA arrested A549 cells in G 1 phase, promoted apoptosis, induced marked autophagy, and triggered ROS generation.
The SILAC-based proteomic approach can quantitatively and comprehensively evaluate the effect of a given compound and identify its potential molecular targets and related signaling pathways. [52] [53] [54] Previous studies have used this approach in A549 cells and tried to explore the potential molecular targets and possible mechanism for NSCLC therapy. [55] [56] [57] [58] [59] [60] [61] [62] [63] In our study, we used a quantitative SILAC-based proteomic approach to evaluate the responses of A549 cells to treatment with DMXAA. This approach showed that DMXAA regulates a number of functional proteins and molecular signaling pathways involved in cell cycle progression, apoptosis, autophagy, and redox homeostasis in A549 cells, such as PPP2R1A, RPL5, SKP1, ACIN1, CYCS, ACTB, AKT2, GSR, PRDX3, SOD2, VDAC2, EIF3C, EIF4B, RHOA, RPS3A, AKT2, EIF3E, EIF3F, PPP2R1A, RPS2, RPS8, RPS26, RPS27, RPSA, ACTB, CCT7, GSR, GSTO1, NQO1, PTPLAD1, STIP1, TXN, and TXNRD1. The proteomic results suggest that DMXAA may target these molecules to elicit its anticancer effects in the treatment of NSCLC. Notably, we went on to validate the proteomic responses to DMXAA in A549 cells.
We found that DMXAA arrested A549 cells in G 1 phase in a concentration-dependent manner, and speculated that the possible mechanism of DMXAA with regard to G 1 arrest in A549 cells might involve a number of key regulators, including p21 Waf1/Cip1, p53, cyclins and cyclin-dependent kinases. p21 is a cyclin-dependent kinase inhibitor regulated by p53, and can bind to the Cdc2-cyclin B1 complex, thereby inducing cell cycle arrest. 64 Further, cell cycle progression is tightly regulated by cyclins and cyclin-dependent kinases. 65 Cyclins have no catalytic activity and are inactive in the Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Pan et al absence of a partner cyclin. The complex formed by the association of Cdc2 and cyclin B1 plays a major role in the entry of cells into mitosis. Phosphorylation of Cdc2 at Thr161 by cyclin-dependent kinase-activating kinases is essential for the activity of Cdc2 kinase. Phosphorylation of Cdc2 at Thr14 and Tyr15 is catalyzed by Wee1 and Myt1 protein kinases, resulting in inhibition of Cdc2. 65 During G 2 /M transition, Cdc2 is rapidly converted into the active form by dephosphorylation of Tyr14 and Tyr15, catalyzed by Cdc25 phosphatase. Thus, taking the proteomic and flow cytometric results into consideration, DMXAA-induced cell cycle arrest may occur via regulation of key modulators controlling the G 1 and G 2 checkpoints in A549 cells.
The present proteomic study also shows that DMXAA regulated mitochondrial function and cell death. Mitochondrial disruption and subsequent release of cytochrome c initiates the process of apoptosis, with the latter being initiated by proapoptotic members of the Bcl-2 family but antagonized by antiapoptotic members of this family. 66, 67 Antiapoptotic members of Bcl-2 can be inhibited by posttranslational modification and/or by increased expression of PUMA, which is an essential regulator of p53-mediated cell apoptosis. 68 In addition, cytochrome c released from the mitochondria can activate caspase 9, which then activates caspase 3 and caspase 7. 69 In our study, we observed that the cytosolic level of cytochrome c was significantly increased and that caspase 3 was markedly activated after treatment with DMXAA. The activated caspase 3 ultimately induced apoptosis, with a decrease in the Bcl-2 level.
Further, the proteomic results show that DMXAA has a modulating effect on the mTOR signaling pathway. Under optimal growth conditions, activated mTORC1 inhibits autophagy by direct phosphorylation of Atg13 and ULK1 at Ser757. [70] [71] [72] This phosphorylation inhibits ULK1 kinase activity and subsequent autophagosome formation. When the kinase activity of mTORC1 is suppressed, the autophagic machinery is initiated. In the present study, DMXAA induced autophagy in A549 cells as indicated by the increased expression of beclin 1 and the ratio of LC3-II over LC3-I. The amount of LC3-II or the ratio between LC3-II and LC3-I correlates well with the number of autophagosomes. Taken together, the autophagy-inducing effect of DMXAA may contribute to its anticancer activity via regulation of the mTOR signaling pathway.
In addition, our proteomic study showed that DMXAA regulates the Nrf2-mediated signaling pathway, which controls the basal and induced expression of a wide array of antioxidant response element-dependent genes to regulate the physiological and pathophysiological outcomes of exposure to oxidants. 40, 73, 74 We found a significant inducing effect of DMXAA on ROS generation in A549 cells. However, the mechanism of how DMXAA induces ROS generation is unclear. Nrf2 is a nuclear transcription factor that plays a pivotal role in regulation of oxidative stress by modulating the transcription of antioxidant response elements. 40 It indicates that DMXAA may induce oxidative stress via the Nrf2-mediated signaling pathway. Our results suggest that ROS may have an important role in DMXAA-induced apoptosis and autophagy in A549 cells. However, further studies are needed to elucidate how DMXAA induces generation of ROS and modulates redox homeostasis.
In summary, the quantitative SILAC-based proteomic approach used in this study showed that DMXAA inhibited cell proliferation, predominantly activated the mitochondriadependent apoptotic pathway and induced autophagy, and increased intracellular levels of ROS in human A549 cells involving a number of key functional proteins and related molecular signaling pathways. This study may provide a clue enabling full identification of the molecular targets and elucidate the underlying mechanisms of DMXAA in the treatment of NSCLC, resulting in an improved therapeutic effect and fewer side effects in the clinical setting.
